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Pref-1 is an EGF-repeat-containing protein that in-
hibits adipocyte differentiation. To better understand
the origin and development of white adipose tissue
(WAT), we generated transgenic mouse models for
transient or permanent fluorescent labeling of cells
using the Pref-1 promoter, facilitating inducible
ablation. We show that Pref-1-marked cells retain
proliferative capacity and are very early adipose pre-
cursors, prior to expression of Zfp423 or PPARg. In
addition, the Pref-1-marked cells establish that adi-
pose precursors are mesenchymal, but not endothe-
lial or pericytal, in origin. During embryogenesis,
Pref-1-marked cells first appear in the dorsal mesen-
teric region as early as embryonic day 10.5 (E10.5).
These cells become lipid-laden adipocytes at
E17.5 in the subcutaneous region, whereas visceral
WAT develops after birth. Finally, ablation of Pref-1-
marked cells prevents not only embryonic WAT
development but also later adult adipose expansion
upon high-fat feeding, demonstrating the require-
ment of Pref-1 cells for adipogenesis.
INTRODUCTION
The major function of white adipose tissue (WAT) is to store tri-
glycerides, which are hydrolyzed and released as fatty acids in
times of energy shortage. In modern times, obesity, character-
ized by excess WAT, has become a disease of epidemic propor-
tions. In humans, WAT has been described to emerge during late
embryogenesis, whereas WAT in mice is typically thought to
develop postnatally. Moreover, adipose tissue can increase in
mass by hypertrophy and hyperplasia (Tang and Lane, 2012).
However, the definitive origin and location of adipose pre-
cursors, especially early during embryonic development, have
not been well defined. It has been proposed that within WAT,678 Cell Reports 8, 678–687, August 7, 2014 ª2014 The Authorsprogenitors with adipogenic potential reside near the vas-
culature and may be endothelial and/or pericytal in origin (Tang
et al., 2008; Gupta et al., 2012). On the other hand, a mesen-
chymal stem cell population capable of adipogenesis has been
isolated from the stromal vascular fraction (SVF) of adipose tis-
sue, suggesting a mesenchymal origin of adipose progenitors
(Gimble et al., 2011). Also, a subset of adipocytes has been re-
ported to arise from neural crest cells (Billon and Dani, 2012).
Thus, the definitive origin of adipocytes remains controversial.
The role of PPARg and C/EBPs, as well as other transcription
factors in adipocyte differentiation, has been extensively studied
(Gregoire et al., 1998; Farmer, 2006). Recently, Zfp423 was re-
ported to be critical for the preadipocyte commitment process
(Gupta et al., 2012). Many soluble factors also affect adipogene-
sis to respond to environmental cues. We originally identified
Preadipocyte factor-1 (Pref-1, or Dlk1) as an inhibitor of adipo-
cyte differentiation (Smas and Sul, 1993; Smas et al., 1997;
Hudak and Sul, 2013). Pref-1 is synthesized as an EGF-repeat-
containing transmembrane protein upon cleavage by TACE
and generates a soluble factor that activates MEK/ERK to upre-
gulate Sox9 and affect adipogenesis (Lee et al., 2003; Wang
et al., 2010). Adipose progenitors labeled via PPARg-driven re-
porters were recently identified near the vasculature (Tang
et al., 2008). However, expression of PPARg in both preadipo-
cytes and adipocytes somewhat complicates the detection of
adipose precursors. Pref-1 may be a better candidate for study-
ing adipose lineage because it is expressed only at the preadipo-
cyte (and not the adipocyte) stage of adipocyte differentiation.
Here, we show that cells marked by the Pref-1 promoter have
proliferative capacity and represent very early adipose precur-
sors. We also show that Pref-1-marked cells are of mesen-
chymal, but not endothelial or pericytal, origin and first appear
as early as embryonic day 10.5 (E10.5) in the dorsal mesenteric
region. These precursors differentiate into lipid-filled adipocytes
that are detectable at E17.5, thus allowing the identification of
very early adipose progenitors and their location during embryo-
genesis. By ablating Pref-1 cells using diphtheria toxin A (DTA),
we also show that Pref-1 cells are required for adipose tissue
development during embryogenesis and its expansion in adults.
RESULTS
Generation of Transgenic Mouse Models for Labeling of
Pref-1 Cells
Pref-1 provided us with a unique tool to study the origin and
development of adipose tissue, as Pref-1 is expressed in preadi-
pocytes but is not found in mature adipocytes. Thus, to perform
lineage tracing of Pref-1 cells, we created Pref-1 reverse tet
transactivator (rtTA) transgenic mice expressing rtTA under the
control of 6 kb of the Pref-1 promoter. We found a 9-fold in-
crease in luciferase activity and GFP in Dox-treated 3T3-L1 cells
(Figure S1A). For our Pref-1-GFP mouse model, we crossed
Pref-1-rtTA mice with mice expressing a histone 2B GFP fusion
protein (H2BGFP) under the control of TRE (Kanda et al., 1998),
thus labeling Pref-1 cells with a nuclear-localized GFP reporter
that is stable in postmitotic cells but is lost upon cell division after
the removal of Dox. To permanently label Pref-1 cells, we
crossed our Pref-1-rtTA mice with TRE-Cre mice. The resulting
Pref-1-rtTA-TRE-Cre mice were then crossed with ROSA26-
flox-stop-flox-tdTomato mice (Perl et al., 2002), in which Dox
treatment induces the cytoplasmic tdTomato reporter and is
expressed in all progeny even after cell division (Figure 1A).
We compared the expression of the fluorescent reporters in
adipose tissue of Pref-1-GFP and Pref-1-tdTomato mice. Laser
scanning confocal (LSC) microscopy showed the presence of
GFP-positive cells only inmice treatedwith Dox in adipose tissue
sections (Figure 1B) and whole-mount adipose (Figure S1A), but
not in control mice in the presence or absence of Dox. Similarly,
TdTomato was detected in WAT sections from Pref-1-tdTomato
mice upon Dox treatment, but not in untreated or control mice.
We conclude that thesemodels would be useful for adipose line-
age tracing since reporters were detected in an induciblemanner
in adipose tissue.
Similarly to endogenous Pref-1 expression, expression of rtTA
was high in WAT depots but very low or not detected in other
tissues, demonstrating that expression of rtTA driven by the
6 kb Pref-1 promotor could mimic endogenous Pref-1 expres-
sion (Figure 1C). We examined GFP fluorescence in cryosec-
tions of WAT and detected nuclear GFP fluorescence in
35% of cells in inguinal and epididymal WAT (Figure S1B),
25% and 5% of cells in gluteal and renal WAT, and only a
handful of labeled cells in brown adipose tissue (BAT, which
showed high background fluorescence). Using fluorescence-
activated cell sorting (FACS), we were able to detect 1% of
total cells labeled in the inguinal and epididymal depots (Fig-
ure S1C). Since the Pref-1 promoter is active only at the preadi-
pocyte stage, we conclude that the GFP signal from transient
labeling was specific to the preadipocyte population. We next
compared GFP expression in the SVF and adipocytes of inguinal
WAT and found that Pref-1 mRNA was expressed only in the
SVF, whereas fatty acid synthase (FAS) was expressed specif-
ically in adipocytes (Figure 1D). More importantly, similarly to
the Pref-1 expression pattern, rtTA and GFP mRNA levels
were much higher in the SVF compared with adipocytes. Over-
all, these data demonstrate that the 6 kb Pref-1 promoter is
sufficient to drive tissue- and developmental pattern-specific
expression of a reporter and that GFP is detected only in
preadipocytes.We next examined Pref-1 tdTomato mice for permanent label-
ing of Pref-1 cells (Figure 1B). Since Pref-1 expression is found in
a variety of tissues during embryogenesis, we administered
Dox starting at E10.5, when GFP-positive cells first emerge
(see Figure 4), which resulted in adipose-specific labeling.
Indeed, in inguinal and epididymal WAT, more than 90% of the
cells (including adipocytes) were tdTomato positive, represent-
ing a significantly higher percentage than observed in the Pref-
1-GFPmodel. We also detected20% of cells that were labeled
in BAT (Figure S1C), indicating that Pref-1-expressing cells are
present in BAT. Furthermore, we detected GFP and tdTomato
only in adipose depots, and not in other organs that we exam-
ined, such as liver, kidney, and muscle.
Lastly, to confirm that the GFP reporter directly labels Pref-1-
expressing cells, we employed single-cell mRNA analysis. Cells
from the SVF of Pref-1-GFP mice were plated in a microwell de-
vice so that each well contained a single cell (Figure S1D) (Dimov
et al., 2014). Approximately 50% of the cells could be detected
byGFP fluorescence (Figure 1D) andPref-1mRNAwas detected
in each GFP-positive cell. Taken together, these results clearly
demonstrate that reporter expression driven by the 6 kb Pref-
1 promoter faithfully recapitulated endogenous Pref-1 expres-
sion and that our mouse models are valid for studying the origin
and development of adipose tissue.
Pref-1-Marked Cells Are of Mesenchymal, but not
Endothelial or Pericytal, Origin
To characterize Pref-1 cells, we analyzed the expression of
various endothelial, pericytal, and mesenchymal markers. Using
FACS, we isolated GFP-positive cells of freshly collected SVF of
WAT from Dox-treated Pref-1-GFP mice.GFP and Pref-1mRNA
levels were greatly higher in sorted GFP-positive cells compared
with GFP-negative cells by quantitative RT-PCR (qRT-PCR;
Figure 2A). CD45, a commonly used marker of hematopoietic
lineage, was almost undetectable in GFP-positive cells, as
were several markers of endothelial cells or pericytes. In
contrast, expression of markers used in various combinations
to identify mesenchymal stem cells or adipose stromal cells
was much higher in GFP-positive cells than in GFP-negative
cells. Also, Sox9, a mesenchymal-fate-determining factor that
we previously reported to be upregulated by Pref-1 (Wang and
Sul, 2009), was highly expressed in GFP-positive cells (Fig-
ure S2A). GFP-labeled Pref-1 cells were also found to colocalize
with Pref-1 staining, but did not colocalize with endothelial
markers, confirming our gene-expression results. We did not
detect the presence of a hematopoietic marker in GFP-positive
cells (Figures 2B and S2A). On the other hand, we detected co-
localization of GFP-positive cells with several markers of mesen-
chymal cells (Figure 2C). We also investigated the expression of
two previously described inhibitors of adipogenesis, Necdin and
Wnt10a (MacDougald and Burant, 2005; Cawthorn et al., 2012),
and found that although Pref-1-expressing cells appeared to
also express Necdin, they did not colocalize with Wnt10a
expression (Figure S2B). We quantified the percentage of GFP-
positive cells that expressed these markers, using ImageJ soft-
ware, and found that >90% of the GFP-positive cells expressed
mesenchymal or adipose stromal cell markers. Overall, the
expression of these markers in GFP-positive cells indicatesCell Reports 8, 678–687, August 7, 2014 ª2014 The Authors 679
AB
C
D
Figure 1. Labeling of Pref-1-Expressing Cells Is Specific to Adipose Tissue
(A) Pref-1-GFP and Pref-1-tdTomato mice were generated by inserting rtTA (Dox-On) directly following 6 kb of the Pref-1 promoter, and subsequent crossing
allowed fluorescent labeling (see Supplemental Experimental Procedures).
(B) Cryosections of inguinal WAT from Pref-1-GFP mice or Pref-1-tdTomato mice were treated with or without Dox (P0-21). Scale bars, 200 mm.
(C) qRT-PCR of total mRNA from various tissues of Pref-1-rtTA mice.
(D) Total mRNA from the SVF and adipocyte fractions of age-matched male Pref-1-GFP mice. Analysis of Pref-1 mRNA at the single-cell level.
Error bars, ± SD of five or more mice per group. Paired t test, *p% 0.05, **p% 0.01. See also Figure S1.that Pref-1-expressing cells are mesenchymal, but not endothe-
lial or pericytal, in origin.
By generating Tie2-GFP-Pref-1-tdTomato mice for permanent
dual labeling experiments, we examined whether Pref-1 cells
could originate from an endothelial lineage (in this model, endo-680 Cell Reports 8, 678–687, August 7, 2014 ª2014 The Authorsthelial cells are labeled with GFP and Pref-1 cells are perma-
nently labeled with tdTomato; Figure S2C). Confocal microscopy
of inguinal WAT sections showed that Tie2 cells were clearly lin-
ing the vasculature, whereas tdTomato could be visualized
throughout the adipose tissue (Figure S2D), indicating that the
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Figure 2. Characterization of Pref-1-
MarkedCellsReveals aMesenchymalOrigin
of Adipose Precursors
(A and D) GFP-positive and -negative cells were
sorted via FACS from freshly isolated SVF from
WAT of Dox-treated Pref-1-GFP mice, total mRNA
was extracted, and expression levels of various
endothelial, pericytal, hematopoietic and mesen-
chymal markers were measured. Age-matched
2-week-old Pref-1 GFP male mice were used.
Paired t test; *p < 0.05, **p < 0.01, ***p < 0.005, n = 5.
(B, C, and E) Confocal images of Dox-treated (from
E0) Pref-1 GFP mouse embryos (E19.5).
Scale bar, 150 mm. Error bars, ± SD of five or more
mice per group. *p % 0.05, **p % 0.01, ***p %
0.001. See also Figure S2.Pref-1-labeled adipose precursors were not of endothelial origin.
Furthermore, the lack of tdTomato expression near the vascula-
ture indicates that endothelial cells are not derived from Pref-1-
expressing cells.
We next examined various adipogenic markers and detected
much lower levels ofPPARg, amaster regulator of adipogenesis.
We did not detect Zfp423, a transcription factor that was recently
reported to be critical for adipose commitment. However, GFP-
positive cells expressed high levels of Ki67, a marker of proli-
ferative capacity, as well as CD24, which was shown to mark
proliferative adipose progenitors (Rodeheffer et al., 2008).
PDGFRa, a recently reported marker of adipose-derived stem
cells (Mohsen-Kanson et al., 2013), was also highly expressed
in GFP-positive cells (Figure 2D). We also found that GFP-posi-
tive cells of Pref-1-GFP mice did not colocalize with PPARg or
Zfp423, confirming that GFP-positive cells did not contain signif-
icant levels of these adipogenic transcription factors; however,Cell Reports 8, 678–68some GFP-positive cells were colocal-
ized with CD24. We also found colocali-
zation of some tdTomato-positive cells
with Ki67 in Dox-treated Pref-1-tdTomato
mice (Figure 2E). Overall, these results
show that transiently marked Pref-1 cells
do not express early adipogenic tran-
scription factors, including Zfp423 and
PPARg, but have proliferative capacity.
We also show that Pref-1 cells are not of
endothelial, pericytal, or hematopoietic
origin, but have characteristics of mesen-
chymal cells.
Pref-1-Expressing Cells Represent
Very Early Adipose Precursors
To better establish that Pref-1-marked
cells are indeed adipose precursors
in vivo, we employed our permanently
labeled Pref-1-tdTomato mice. We
treated Pref-1-tdTomato mice with Dox
starting at E10.5 and examined cryosec-
tions of inguinal WAT for the presence of
tdTomato-labeled cells, lipid staining,and expression of adipocyte markers. Indeed, all lipidTox-
stained cells showed tdTomato fluorescence. In addition,
tdTomato fluorescence colocalized with the adipocyte markers
PPARg and FABP4. We also found that tdTomato-labeled cells
in adult WAT expressed ZFP423 (Figure 3A). Therefore, perma-
nently labeled Pref-1-positive cells express ZFP423, PPARg,
and FABP4. Following culture and adipogenic media treatment
of SVF from WAT of Dox-treated Pref-1-tdTomato mice, differ-
entiation was detected at day 5, when most of the tdTomato-
positive cells developed lipid droplets, but tdTomato-negative
cells did not show lipid accumulation (Figure 3B). We also
cultured the SVF from WAT of Dox-treated Pref-1-GFP mice
and subjected it to adipogenic media. At day 5, GFP-positive
cells showed lipid staining in the cytoplasm, clearly demon-
strating adipogenic differentiation of these cells, whereas
GFP-negative cells did not show any lipid staining, which was
further confirmed via Oil red O staining (Figure 3C). Cells from7, August 7, 2014 ª2014 The Authors 681
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Figure 3. Pref-1-Labeled Cells Differentiate
into Adipocytes
(A) Confocal images of cryosectioned WAT from
Dox-treated Pref-1-tdTomato mice.
(B) Cultured SVF from Dox-treated Pref-1-
tdTomato mice treated with adipogenic cocktail.
(C) Cultured SVF from Dox-treated Pref-1-GFP
mice treated with adipogenic cocktail. Oil red O
staining. qRT-PCR of adipogenic genes from total
mRNA of cultured SVF throughout differentiation.
(D) Brightfieldmicroscopy of cultured, sortedGFP-
positive and -negative cells in adipogenic media.
qRT-PCR of adipogenic genes from total mRNA
of cultured, sorted GFP-positive and -negative
cells.
Error bars, ± SD of five or more mice per group.
*p % 0.05, **p % 0.01, ***p % 0.001. Scale bars,
(A and B) 100 mm, (C) 150 mm, and (D) 250 mm. See
also Figure S3.Dox-treated Pref-1 GFP mice expressed both GFP and Pref-1
at a high level prior to differentiation, which decreased dur-
ing the course of differentiation. In contrast, expression of
ZFP423 or PPARg was at a nondetectable or very low level
but increased greatly during differentiation (Figure 4C, lower
panel).
Next, to better investigate the adipogenic potential of Pref-1-
expressing cells, we measured adipogenic marker expression
in GFP-positive and -negative cells from the SVF of inguinal
WAT. Brightfield microscopy revealed that although GFP-
negative cells were unable to undergo differentiation, GFP-
positive cells showed an adipocyte morphology with multiple
lipid droplets. At day 5, the mRNA levels of adipogenic
markers were all significantly higher in GFP-positive cells
compared with GFP-negative cells. In contrast, the Pref-1
mRNA level was significantly lower upon differentiation (Fig-
ure 3D). These results show that transiently labeled GFP-pos-682 Cell Reports 8, 678–687, August 7, 2014 ª2014 The Authorsitive cells are adipose precursors prior to
expression of Zfp423 or PPARg.
To further confirm the adipogenic
potential of these precursors, we iso-
lated permanently labeled (tdTomato)
Pref-1-positive cells from 4-week-old
Dox-treated Pref-1-tdTomato mice and
subcutaneously injected the SVF into
SCID mice. After 2 weeks, the cells dif-
ferentiated into adipocytes as identified
by Bodipy staining of lipid droplets and
immunostaining of the adipocyte marker
FABP4 (Figure S3A). The expression
levels of the adipogenic markers PPARg
and FABP4 were found to be greatly
higher in the transplanted cells com-
pared with the undifferentiated SVF
and control 3T3-L1 cells (Figure S3B).
Based on these results, we conclude
that Pref-1-expressing cells appear
very early during embryogenesis anddifferentiate into adipocytes, thus representing very early adi-
pose precursors.
Spatial and Temporal Patterns of Embryonic WAT
Development
We employed our mouse models to examine embryonic WAT
development in vivo by providing Dox water to mice at mating.
Whole-embryo cryosections were examined by LSCmicroscopy
and lipidTox staining. At E8.5, no obvious lipid staining or GFP-
positive cells were detected. At E10.5, however, GFP-positive
cells were readily detected in two distinct groups in the dorsal
mesenteric layer between the vertebrae and the skin, poised
for adipose development at the presumptive inguinal and dorsal
subcutaneous depots (Figure 4, top). We believe this is the
earliest time point at which marked adipose precursors have
been detected. At E13.5, GFP-positive cells formed a distinct
line at the dorsal edge of the embryo close to the skin, but lipid
(legend on next page)
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staining was not detected (Figure 4, middle left). We also de-
tected GFP-positive cells that expressed Ki67, indicating that
these cells were proliferating (Figure 4, upper right). Finally, at
E17.5, lipid staining was clearly detected in the region represent-
ing early WAT, and GFP-positive cells were localized near the
outer edge of this early WAT (Figure 4, middle left). At E19.5,
the number of lipid-containing cells was increased by 2.5-fold
compared with E17.5, indicating hyperplasia of WAT during
embryogenesis (Figure 4, lower left). To trace the development
of adipose tissue, we examined our Pref-1-tdTomato mice. At
E17.5, we could detect Pref-1-marked cells in the same region
where we detected GFP-labeled Pref-1-expressing cells. At
E19.5, permanently labeled tdTomato-positive cells were found
in the same region where Oil red O-positive cells were detected,
overall indicating that Pref-1-labeled cells became adipocytes
(Figure 4, bottom). At birth, GFP-positive Pref-1 cells were de-
tected at the edge of the subcutaneous WAT, as identified by
the presence of lipid droplets by Oil red O staining and rounded
adipocyte morphology. Altogether, these results show that very
early adipose precursors are first detectable as early as E10.5
in a distinct region of the mesenteric dorsal edge and become
subcutaneous WAT at E17.5 during embryogenesis.
In contrast to subcutaneous WAT, we could not detect any
GFP labeling or lipid droplets in the presumed visceral adipose
depots during embryogenesis. Furthermore, it was not until
6 days after birth that we could detect epididymal WAT in which
GFP-positive cells were localized mostly around the outer
edge (Figure 4, bottom), indicating that although subcutaneous
depots develop early during embryogenesis, visceral adipose
depots appear postnatally. In this regard, permanently labeled
Pref-1 cells were detected throughout postnatal day 21 (P21)
epididymal WAT, as identified by their large, rounded mor-
phology (Figure 4, lower panels). When we examined the epidid-
ymalWAT of adult Pref-1-GFPmice, we foundGFP-positive cells
in clusters and also dispersed throughout theWAT. Furthermore,
when we examined the BAT of adult Pref-1-tdTomato mice, we
found a small population of tdTomato-labeled cells, indicating
that a subset of brown adipocytes may stem from Pref-1-ex-
pressing precursors (Figure S4A). Overall, these results demon-
strate that subcutaneous WAT develops prenatally, whereas
visceral WAT develops postnatally, and that inguinal, epidid-
ymal, gluteal, and renal WAT and some interscapular BAT are
derived from Pref-1-expressing precursors.
Requirement of Pref-1 Cells for Embryonic WAT
Development and for WAT Expansion in Adults
We subjected Pref-1-GFP mice to a high-fat diet and bromo-
deoxyuridine (BrdU) to examine accelerated expansion of
WAT. After 3 weeks, we could clearly detect BrdU in GFP-posi-Figure 4. Pref-1 Adipose Precursors Are Required for Embryonic Adip
Female Pref-1-GFP mice were treated with Dox at mating and whole embryos we
was examined.Whole-embryo cryosection at E8.5 (top), E10.5 (second), and E13.
labeled Pref-1 cells overlapped with lipid identified by Oil red O staining (fourth). A
cells as shown by Oil red O staining (fifth). At birth, GFP-positive cells were loca
hematoxylin andOil redO staining, and permanently labeled Pref-1 cells were deve
Direct fluorescence of GFP in epididymal WAT from P6 mice. GFP-positive cells a
labeled adipocytes are detected in P21 epididymal WAT. Scale bars, 250 mm; im
684 Cell Reports 8, 678–687, August 7, 2014 ª2014 The Authorstive cells, indicating proliferation. Quantification by cell sorting
showed that the number of GFP-positive cells was decreased
in epididymal and inguinal WAT by 90% and 75%, respectively.
We detected an increase in the number of BrdU-positive cells
and a corresponding decrease in the number of GFP-positive
cells upon high-fat-diet feeding (Figure 5A). A similar experiment
employing Pref-1-tdTomato mice showed a larger adipocyte
size, especially in inguinal WAT (Figure S5A), indicating that
Pref-1-expressing adipose precursors contribute toWAT expan-
sion via hyperplasia.
To further examine the role of Pref-1-expressing cells in adi-
pose development and adipose expansion in adults, we crossed
our Pref-1-rtTA mice with the TRE-DTA mouse line to create a
Pref-1-DTA model, in which expression of DTA ablates Pref-1-
expressing cells (Figure 5B). First, we deleted Pref-1-expressing
cells at E10.5 and examined the embryos for lipid staining at
E17.5. We found a >70% reduction in the number of lipid-con-
taining cells in Pref-1-DTA embryos (Figure 5B), demonstrating
the requirement of Pref-1-expressing cells for the generation of
adipocytes during embryogenesis. We did not detect any gross
morphological or phenotypic effects in any other tissues. To
examine the postnatal development of WAT, we gave Pref-1-
DTA mice Dox from P1 to P21 to ablate adipose precursors.
Both epididymal and inguinal WAT showed drastically de-
creased lipid staining compared with control mice, to an almost
undetectable level in the epididymal depot, and the number of
lipid-containing cells was decreased by >95% and 60% in the
epididymal and inguinal WAT depots, respectively (Figure 5C).
Some remaining cells in adipose tissue contained small lipid
droplets, probably due to differentiation of residual Pref-1 cells
that were not ablated due to incomplete penetrance of DTA
expression, as was demonstrated previously (Nir et al., 2007).
We also found a significant decrease in the WATmass of epidid-
ymal and inguinal fat depots (65% and 40%, respectively), and
total triglyceride content (Figure 5D). In contrast, lipid content
in the liver was increased (data not shown), indicating a potential
ectopic deposition of triglycerides similar to that found in lipo-
dystrophy mouse models (Moitra et al., 1998). We next per-
formed a glucose tolerance test and found that Pref-1-DTA
mice were glucose intolerant compared with control mice (Fig-
ure 5D). Overall, these data show that Pref-1-expressing cells
are required for normal development of adipose tissue, adipose
tissue function, and adipose expansion in adults.
DISCUSSION
The obesity epidemic and its related disorders make it critical to
understand the developmental process of adipose tissue. In
obesity, not only do adipocytes enlarge but also the number ofose Development and Expansion in Adults
re cryosectioned throughout embryogenesis. GFP, DAPI, and lipidTox staining
5 (third). At E17.5, some lipid droplets were stained by lipidTox and permanently
t E19.5, permanently labeled Pref-1 cells were developing into lipid-containing
ted near the edge of the developing adipose tissue as shown by overlay with
loping into adipocytes as shown byOil redO staining in the same region (sixth).
re located around the outer edge of the developing tissue (bottom). TdTomato-
ages are representative of five or more mice.
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Figure 5. Deletion of Pref-1 Adipose Precursors Prevents Adipose Tissue Development and Expansion
(A) Confocal microscopy of cryosectioned inguinal and epididymal adipose tissue from Dox-treated Pref-1-GFP mice after 3 weeks of high-fat feeding.
Quantification of BrdU-positive and GFP-positive cells. Error bars, ± SEM of five or more mice.
(legend continued on next page)
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adipocytes increases by differentiation of precursors into adipo-
cytes, presumably recruited from the SVF of adipose tissue.
However, the early adipose precursors and the developmental
pattern of adipogenesis have not been well studied via lineage
tracing. A critical aspect of lineage tracing requires the ex-
pression of a unique marker by a specific subset of cells. In
this case, except for certain neuroendocrine cell types, Pref-1
expression in adults is restricted mainly to adipose tissue.
Furthermore, in adipose tissue, Pref-1 is found only in preadipo-
cytes and its expression is extinguished upon differentiation into
adipocytes. This Pref-1 expression pattern provides a unique
tool for marking adipose precursors prior to differentiation.
Here, by labeling Pref-1-expressing cells transiently and perma-
nently in vivo in an inducible manner, we have shown that these
cells become adipocytes and represent adipose precursors. We
also detected Pref-1-expressing cells as early as E10.5 in the
dorsal mesenteric region, which subsequently became adipo-
cytes by E17.5 during embryonic development. To our knowl-
edge, this is the earliest adipose precursor population that has
been identified. We demonstrated depot-specific differences in
WAT development as evidenced by the lack of Pref-1-marked
cells in visceral areas before birth. By lineage tracing, we showed
that WAT is derived from cells that are labeled by Pref-1 pro-
moter activation. Furthermore, by employing our Pref-1-GFP,
Pref-1-tdTomato, and Pref-1-DTA mouse models, we unequivo-
cally demonstrated the requirement of Pref-1-marked cells for
adipose tissue formation. We also showed that Pref-1 adipose
precursors proliferate during adipose expansion upon high-fat
feeding, and deletion of Pref-1 cells markedly decreases expan-
sion of WAT in adults. We report evidence that deletion of a spe-
cific adipose precursor population results in an impairment of
WAT development.
Here, we show that cells that are indelibly marked by the
Pref-1 promoter become adipocytes that express PPARg and
ZFP423. Since transiently marked Pref-1 cells do not signifi-
cantly express Zfp423 or PPARg, these cells must represent
very early adipose progenitors prior to expression. Moreover,
GFP-positive cells express the proliferation marker Ki67 and
can incorporate BrdU, showing that Pref-1-expressing cells are
proliferative adipose progenitors and can undergo cell division
during adipose expansion. Since these GFP-positive cells later
become adipocytes, we can conclude that Pref-1-marked adi-
pose precursors undergo cell division prior to differentiation
into adipocytes, a property of preadipocytes that has been
shown in vitro (Tang and Lane, 2012). We conclude that Pref-1
marks very early adipose precursors prior to Zfp423 or PPARg
expression, and that these cells have proliferative capacity.
Adipose progenitors have been reported to be of endothelial
and/or pericytal origin (Olson and Soriano, 2011). However,
Pref-1-marked cells do not express endothelial markers or peri-(B) Pref-1-DTA mice were generated by inserting rtTA directly following 6 kb of t
depletion of Pref-1 cells. Quantification of lipid-containing cells in control and Pr
(C) Cryosections of inguinal and epididymalWAT fromDox-treated Pref-1-rtTA co
Pref-1-depleted inguinal and epididymal WAT.
(D) Fat-padmass and triglyceride content of inguinal and epididymalWAT from Pr
1-rtTA control and Pref-1-DTA mice.
Error bars, ± SD of five or more mice per group. *p% 0.05, **p% 0.01. Scale ba
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endothelial or pericytal origin. We also did not detect clear local-
ization of Pref-1-marked cells to the vasculature. Moreover, the
Tie2-GFP-Pref-1-tdTomato mice we generated showed that
Pref-1-marked cells were not labeled by Tie2, demonstrating
that Pref-1 cells are not endothelial cells. One remaining possibil-
ity is that endothelial cells later become Pref-1 positive. How-
ever, this cannot be the case since in a previous adipose lineage
tracing study, Berry and Rodeheffer (2013) used an endothelial
promoter that was activated after Pref-1-positive cells emerged,
and those cells did not express Pref-1. In addition, Zfp423 was
detected in adipose precursors localized in endothelial and peri-
vascular cells, but those cells did not express Pref-1, adding to
the discrepancy in defining the origin of adipose precursors. In
the present work, the expression of several mesenchymal
markers showed a mesenchymal origin of Pref-1-marked cells.
Various other proteins, including CD24 and PDGFRa, have
been reported to be markers of adipose precursors; however,
these markers are expressed in many other tissues. Further-
more, even in WAT, not all of the cells labeled by CD24 or
PDGFRa became adipocytes. It should be noted that virtually
all Pref-1-labeled cells became adipocytes in the WAT depots
we examined, clearly demonstrating that Pref-1 can be used
as an exclusive marker for adipose precursors in several WAT
depots.
Overall, we show here that Pref-1-marked cells are very early
adipose precursors, prior to the expression of Zfp423 or PPARg,
that first appear as early as E10.5 during embryogenesis at
the dorsal edge of the mesenteric region and become lipid-filled
adipocytes at E17.5. We also show that these adipose progen-
itors marked by Pref-1 are not endothelial or pericytal in origin,
but rather are mesenchymal. Furthermore, Pref-1-marked cells
are proliferative and are required for embryonic adipose
WAT development and expansion later in adults upon high-fat
feeding.
EXPERIMENTAL PROCEDURES
Animals
The Pref-1-rtTA mouse was generated via insertion of rtTA directly down-
stream of6.0 kb of the Pref-1 promoter sequence (see Supplemental Exper-
imental Procedures for a full description). All other mice were purchased from
The Jackson Laboratory. All animal studies were performed in accordance
with UC Berkeley ACUC and OLAC regulations.
Cell Culture
For adipocyte differentiation, 2-day postconfluent cells were treated with dif-
ferentiation media containing 1 mM dexamethasone, 0.5 mM 1-methyl-3-iso-
butylxanthine, and 1.67 mM insulin in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS), and maintained for 2 days. The
cells were then cultured in DMEM with 10% FBS for further experiments.
For Dox treatment, 1 mg/ml Dox was added to the media.he Pref-1 promoter. Confocal microscopy of whole embryos at E17.5 following
ef-1-depleted inguinal and epididymal WAT.
ntrol and Pref-1-DTAmice. Quantification of lipid-containing cells in control and
ef-1-rtTA and Pref-1-DTAmice, and glucose tolerance test of Dox-treated Pref-
rs in (A)–(C), 200 mm. See also Figure S4.
qRT-PCR
Total RNA prepared with Trizol (Invitrogen) was reverse transcribed using Im-
promII reverse transcriptase (Promega). The cDNAs were mixed with specific
primers for the genes indicated (Maxima SYBR Green Mastermix; Fisher) ac-
cording to the manufacturer’s protocol. mRNA levels were analyzed using
ABI7900 (Applied Biosystems), normalized to 18S RNA by the DDCT method.
The mean CT was converted to relative expression value by the equation
2-DDCt, and the range was calculated by the equation 2(DDCT + stdevDDCT).
Immunostaining
Whole embryos or tissues were flash frozen in O.C.T. (Sakura), sectioned on
a Leica CM3050S Cryostat in 10- or 12-mm-thick sections, and collected on
Superfrost Plus-coated glass slides (Fisher). Frozen sections were stained
according to a standard protocol.
Microscopy
LSCmicroscopy was performed using a Zeiss LSM710 running Zen 2010 soft-
ware equipped with 403, 633, and 1003 oil immersion objectives, using stan-
dard excitation wavelengths for DAPI, GFP (or Alexa Fluor 488), and tdTomato
(or Alexa Fluor 594). Raw data were processed using NIH ImageJ software
(http://imagej.nih.gov/ij/, 1997–2012).
Glucose Tolerance Test
Mice were fasted overnight and tail blood was taken in the morning prior to
glucose injection. Mice were injected with 2 mg/kg body weight glucose in
saline. Glucose levels were measured by an Accu-Chek glucometer (Roche)
at the indicated time points.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
five figures, and one table and can be found with this article online at http://
dx.doi.org/10.1016/j.celrep.2014.06.060.
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